The role of the Suppressor of Hairy-wing insulator protein in Drosophila oogenesis  by Baxley, Ryan M. et al.
Developmental Biology 356 (2011) 398–410
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyThe role of the Suppressor of Hairy-wing insulator protein in Drosophila oogenesis
Ryan M. Baxley a, Alexey A. Soshnev a, Dmitry E. Koryakov b, Igor F. Zhimulev b, Pamela K. Geyer a,c,⁎
a Molecular Biology Program, University of Iowa, College of Medicine, Iowa City, IA 52242, USA
b Department of Molecular and Cellular Biology, Institute of Chemical Biology and Fundamental Medicine, Novosibirsk 630090, Russia
c Department of Biochemistry, University of Iowa, College of Medicine, Iowa City, IA 52242, USA⁎ Corresponding author at: Department of Biochemis
of Medicine, Iowa City, IA 52242, USA. Fax: +1 319 384
E-mail address: pamela-geyer@uiowa.edu (P.K. Geye
0012-1606/$ – see front matter © 2011 Elsevier Inc. Al
doi:10.1016/j.ydbio.2011.05.666a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 14 January 2011
Revised 16 May 2011
Accepted 22 May 2011
Available online 30 May 2011
Keywords:
Su(Hw)
Insulator
Drosophila
Oogenesis
CP190
Mod(mdg4)The Drosophila Suppressor of Hairy wing [Su(Hw)] insulator protein has an essential role in the development
of the female germline. Here we investigate the function of Su(Hw) in the ovary. We show that Su(Hw) is
universally expressed in somatic cells, while germ cell expression is dynamic. Robust levels accumulate in
post-mitotic germ cells, where Su(Hw) localization is limited to chromosomes within nurse cells, the
specialized cells that support oocyte growth. Although loss of Su(Hw) causes global defects in nurse cell
chromosome structure, we demonstrate that these architectural changes are not responsible for the block in
oogenesis. Connections between the fertility and insulator functions of Su(Hw) were investigated through
studies of the two gypsy insulator proteins, Modiﬁer of (mdg4)67.2 (Mod67.2) and Centrosomal Protein of
190 kDa (CP190). Accumulation of these proteins is distinct from Su(Hw), with Mod67.2 and CP190 showing
uniform expression in all cells during early stages of oogenesis that diminishes in later stages. Although
Mod67.2 and CP190 extensively co-localize with Su(Hw) on nurse cell chromosomes, neither protein is
required for nurse cell chromosome development or oocyte production. These data indicate that while the
gypsy insulator function requires both Mod67.2 and CP190, these proteins are not essential for oogenesis.
These studies represent the ﬁrst molecular investigations of Su(Hw) function in the germline, which uncover
distinct requirements for Su(Hw) insulator and ovary functions.try, University of Iowa, College
4770.
r).
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Insulators are a class of DNA regulatory elements that constrain
the action of enhancers and silencers (Gurudatta and Corces, 2009;
Raab and Kamakaka, 2010; Wallace and Felsenfeld, 2007). Two
functional properties have been used to identify insulators (Kellum
and Schedl, 1991, 1992; Udvardy et al., 1985). First, insulators block
enhancer and silencer action in a position-dependent manner.
Enhancer and silencer function is disrupted only when insulators
are positioned between these cis-regulatory elements and a promoter,
a property referred to as blocking activity. Second, insulators protect
promoters from positive and negative chromosomal position effects
associated with ectopic placement of genes within genomes, a
property referred to as barrier activity. Elements with one or both
properties have been identiﬁed in most eukaryotic genomes,
suggesting that insulators are important for maintaining transcrip-
tional integrity (Geyer and Clark, 2002; Kuhn and Geyer, 2003).
The Drosophila gypsy insulator possesses both blocking and barrier
functions (Dorsett et al., 1989; Geyer and Corces, 1992; Roseman et
al., 1993; Roseman et al., 1995a,b). This insulator contains twelve
binding motifs for the twelve zinc ﬁnger protein Suppressor of Hairy-wing [Su(Hw)] (Parkhurst et al., 1988; Spana and Corces, 1990).
Enhancer blocking of the gypsy insulator requires Su(Hw) recruitment
of two Broad-complex, Tramtrack and Bric-a-brac/Poxvirus and Zinc
Finger (BTB/POZ) domain proteins, Modiﬁer of (mdg4) 67.2
(Mod67.2) (Georgiev and Gerasimova, 1989) and Centrosomal
Protein of 190 kDa (CP190) (Pai et al., 2004), while the barrier
function requires recruitment of Enhancer of y2 [E(y)2, the ﬂy
homologue of yeast Sus1, newly named ENY2] (Kopytova et al.,
2010; Kurshakova et al., 2007). Using these proteins, the gypsy
insulator has a versatile capacity for deﬁning regulatory interchanges
throughout the Drosophila genome.
Existing su(Hw) alleles have been identiﬁed based on screens
scoring for reversal of gypsy-induced mutant phenotypes (Harrison et
al., 1993; Klug et al., 1968; Parkhurst et al., 1988). Analyses of these
mutants demonstrated that loss of Su(Hw) also causes female
sterility. Mutant ovaries are arrested in mid-oogenesis, with evidence
that the developing oocyte undergoes apoptosis. Prior to oocyte loss,
defects occur within the nuclei of nurse cells (NC), specialized cells
that supply RNAs and proteins to the developing oocyte through
interconnected bridges (King, 1970; Spradling, 1993). In su(Hw)
mutant NC nuclei, NC chromosomes remain condensed, and morpho-
logical development of the nucleolus is disrupted. This has led to the
hypothesis that loss of Su(Hw) causes defects in nucleolar function,
resulting in insufﬁcient oocyte growth and activation of the mid-
oogenesis checkpoint (Klug et al., 1968; Klug et al., 1970).
399R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410We studied ovarian phenotypes in females carrying multiple
su(Hw) mutant alleles to understand the role of Su(Hw) in
oogenesis. Our analyses revealed that global changes in NC nuclear
architecture are not responsible for the block in oogenesis. These
data suggest that Su(Hw) dependent sterility may be due to local
changes in chromatin structure that alter NC function. Additional
immunohistochemical and genetic analyses addressed the connec-
tion between the Su(Hw) ovarian and insulator functions. In these
studies, the developmental expression patterns of Su(Hw), CP190
and Mod67.2 were deﬁned, as well as the ovary phenotypes
associated with females carrying null or nearly null mutations of
each gene. Our studies uncovered differences between Su(Hw) and
the other gypsy insulator proteins, both in the pattern of
localization during oogenesis and the mutant phenotypes caused
by protein loss. Our data demonstrate that neither CP190 nor
Mod67.2 is essential for oogenesis, suggesting that the functional
requirements for Su(Hw) in the germline and at the gypsy insulator
are different.
Materials and methods
Drosophila stocks and culture conditions
Flieswere raised at 25 °C, 70%humidity on standard cornmeal/agar
medium. Multiple su(Hw) mutants were used in these studies
(Fig. 1A). These include 1) su(Hw)2 that is caused by insertion of a
jockey element within the ﬁrst intron (Harrison et al., 1993; Parkhurst
et al., 1988), 2) su(Hw)Pb, called su(Hw)e04061 in Flybase, that is caused
by an insertion of awhitemarked piggy-bac transposon at the 5′ end of
the second exon, 3) su(Hw)E8 that is caused by a point mutation that
disrupts formation of zinc ﬁnger 7 (Harrison et al., 1993; Parkhurst et
al., 1988), 4) su(Hw)v that carries a deletion encompassing the
promoters of su(Hw) and the neighboring essential RpII15 gene
(Harrison et al., 1992) and 5) su(Hw)f that is caused by a point
mutation that disrupts formation of zinc ﬁnger 10 (Harrison et al.,
1993; Kuhn-Parnell et al., 2008). Western analysis shows that females
carrying the su(Hw)2 and su(Hw)v alleles produce no Su(Hw) protein,
while su(Hw)Pb produces a nearly undetectable level of protein
(Fig. 1B), estimated to be ~35 fold lower than wild type based on
analyses of su(Hw) RNA levels. Further, females carrying the su(Hw)E8
and su(Hw)f alleles produce near wild type levels of full-length
proteins (Fig. 1B), consistent with analyses of su(Hw) RNA levels in
these mutants. Sterility associated with su(Hw)v females was by
transgenes containing RPII15 and the su(Hw) promoter fused to the su
(Hw) cDNA (Kim et al., 1996), suggesting that sterility is due to loss of
Su(Hw). The mod(mdg4) mutant studied was mod(mdg4)u1, which2
AD
RpII15
su(Hw)v
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Su(Hw)
B
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Fig. 1.Molecular properties of su(Hw) alleles. A) Diagram of the su(Hw) genomic region, inc
gene structure and includes two acidic domains (AD), the Mod67.2 interaction domain (MID
deletion of the su(Hw) and RpII15 promoters. The positions of the insertions in su(Hw)2 (jock
alleles contain point mutations in coding regions for zinc ﬁnger 7 and zinc ﬁnger 10, respect
CS) and su(Hw) mutant ovaries probed with Su(Hw) and alpha-Tubulin antibodies, with thspeciﬁcally causes loss of the 67.2 kDagypsy insulator isoform. This
allele carries an insertion of a Stalker retrotransposon into an exon
encoding the C-terminus of Mod67.2, resulting in a deletion of the last
145 amino acids (Gause et al., 2001; Georgiev and Gerasimova, 1989).
The Cp190 mutants studied were 1) the Cp190H4-1allele that carries a
premature stop codon that results in a carboxyl-terminal deletion of
the last 331 amino acids (Pai et al., 2004), 2) Cp190P11 that carries a
deletion spanning from the 5′ end of Set to the 3′ end of MRG15 that
removes Cp190 and four other genes (17), and 3) the Cp1901 null allele
that carries a premature stop codon that results in a carboxyl-terminal
deletion of the last 964 amino acids (51). Polytene chromosome
squashes from ovaries were completed using females carrying the
ovarian tumor (otu) mutation (y w sn3otu11) (Koryakov et al., 2004).
Western analyses
For western blot analysis of ovary extracts, ovaries were dissected
from 10 adult females, extracts were separated on a 6% polyacryl-
amide gel, transferred to a nitrocellulose membrane, and incubated
with primary antibody overnight at 4 °C. Guinea pig anti-Su(Hw)
antibody was used at 1:500. Blots were incubated with secondary
antibody, HRP-conjugated donkey anti-guinea pig IgG (Jackson
ImmunoResearch, 706-035-148) for 2 h at room temperature and
detected using Immun-Star HRP Chemiluminescent Kit (Bio-Rad). To
control for amounts of protein loaded, blots were incubated with the
mouse anti-alpha-tubulin IgG primary antibody (Sigma, T5168) and
detected with the HRP-conjugated rabbit anti-mouse IgG secondary
antibody (Sigma, A9044).
Immunohistochemical analyses
Ovaries were dissected from 2 to 4 day old females in phosphate
buffered saline solution (PBS). Ovaries were ﬁxed in 3% EM-grade
paraformaldehyde and washed in PBT (PBS+0.3% Triton X-100).
Ovaries were teased apart, blocked overnight in PBT+5% normal goat
serum or 5% bovine serum albumin at 4 °C, and incubated overnight
with primary antibodies at 4 °C. Next, samples were washed in PBT
and incubated with secondary antibodies for 2 h. Following this
incubation, ovaries were washed in PBT and DAPI stained (0.1 μg/ml
in PBT). Following an additional PBT wash, ovaries were mounted in
Vectashield H-1000 (Vector Laboratories). Whole mount salivary
glands from third instar larvae were dissected in PBS and prepared
using the staining protocol outlined above. Slides were examined
using a Bio-Rad Multi-Photon or Zeiss 710 confocal microscope.
Images were processed using ImageJ.suppressor of Hairy-wing
ADMID
E8 f
Pb/v 2/v Pb/vCS
5 minute exposure
luding the su(Hw) and RpII15 genes. The su(Hw) protein structure is mapped onto the
) and the locations of the twelve zinc-ﬁngers (black boxes). The su(Hw)v allele carries a
ey) and su(Hw)Pb (Piggy-bac) are shown by inverted triangles, the su(Hw)E8 and su(Hw)f
ively. B) Shown is a western blot of protein extracts obtained from wild type (Canton S,
e latter used as a loading control.
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analyses of ovaries. Polyclonal guinea pig (Covance) and goat (Elmira
Biologicals) anti-Su(Hw) antibodies were generated against a
full-length C-terminal 6xHis tagged protein and puriﬁed using a Su
(Hw) afﬁnity column (Actigel, Sterogene) thatwas generated from the
bacterially expressed protein. Guinea pig anti-Su(Hw) was used at
1:500, Goat anti-Su(Hw) was used at 1:200. The dilutions of other
antibodies include 1) chicken anti-Mod67.2 at 1:2000 (Parnell et al.,
2006), 2) rabbit anti-CP190 (a generous gift fromM.Moritz) at 1:1000,
3) rabbit anti-Stand still (Stil; a generous gift from D. Pauli) at 1:4000,
4) mouse anti-Spectrin (Iowa DSHB, 3A9) at 1:10, 5) mouse anti-
Fibrillarin (Abcam, ab4566) at 1:500, 6) rabbit anti-caspase-3 (Asp
175-cleaved, Cell Signaling) at 1:100dilution, 7) guineapig anti-Trafﬁc
Jam (a generous gift from D. Godt) at 1:10,000, and 8) mouse anti-
LaminDm0 at 1:500 (IowaDSHB, ADL67.10). All Alexa Fluor secondary
antibodies (Invitrogen, Molecular Probes) were used at a 1:1000
dilution, including AF488 goat anti-guinea pig IgG (A11041), AF568
goat anti-guinea pig IgG (A11075), AF488 goat anti-chicken (A11039),
AF568 goat anti-chicken (A11041), AF488 goat anti-rabbit (A11008),
AF568 goat anti-rabbit (A11011), AF488 goat anti-mouse (A11001),
AF568 goat anti-mouse (A11004), AF488 donkey anti-sheep
(A11015), AF488 donkey anti-sheep (A21098), AF488 donkey anti-
goat (A11055).
Ovarian polytene chromosomes were prepared by dissection of
otu11 mutant ovaries in 0.7% NaCl/0.5% NP-40, ﬁxed for 2 min in 0.7%
NaCl/3.7% formaldehyde/1% NP-40 and squashed in 45% acetic
acid/ 2% formaldehyde. Following squashing, slides were frozen in
liquid nitrogen and cover slips removed. These preparationswere kept
in ice-cold PBS buffer. Chromosomes were incubated with antibodies
(rabbit anti-Su(Hw)1:1000 in PBS/3%BSA (Parnell et al., 2006), guinea
pig anti-Su(Hw) 1:250 in PBS/3% BSA, chicken anti-Mod67.2 1:2000 in
PBS/3% BSA and sheep anti-CP190 1:250 in PBS/3% BSA) at 4 °C
overnight, followed by incubation with secondary antibodies (goat
anti-chicken, goat anti-guinea pig and donkey anti-sheep; all were
Alexa Fluor 488 or 568; 1:1000 in PBS) for 2 h at 37 °C. Subsequently,
all preparations were stained with DAPI and analyzed on a ﬂuorescent
microscope.Analyses of rRNA processing
Total RNA was isolated from su(Hw)wild type and mutant ovaries
and 5 μg were analyzed by northern blotting (Soshnev et al., 2008).
Intermediates in rRNA processing were detected using radioactively
labeled oligonucleotide probes, as described by Giordano et al. (1999)
with the following modiﬁcations: probes II and III contained an
additional 3′-TG to increase efﬁciency of labeling. Oligonucleotide
probes were labeled using T4 Polynucleotide Kinase (NEB, M0201S).Analyses of fertility phenotypes associated with loss of Su(Hw), Mod67.2
and CP190
Fertility phenotypes of su(Hw), mod(mdg4) and Cp190 mutants
included the level of apoptosis observed, as well as the number and
size of eggs produced. The level of apoptosis was determined in
ovaries isolated from 2 to 3 day old females of each genotype that
were DAPI stained. An ovariole was evaluated only if it contained egg
chambers progressing at least to stage 8. The percent apoptosis was
deﬁned as the number of ovarioles with egg chamber degeneration
divided by the total number of ovarioles scored. To analyze fecundity,
20 to 25 two to ﬁve day old femalesweremated to Canton Smales and
allowed to lay on orange juice plates with wet yeast for 2 h. Egg
numbers produced during this period were counted. To measure egg
length, eggs were placed next to a ruler and a picture was taken. Eggs
were measured lengthwise using ImageJ.Chromatin immunoprecipitation (ChIP) and quantitative real time PCR
analyses
Fifty pairs of ovaries were dissected from newly eclosed Drosophila
females and incubated in PBS with 1.8% formaldehyde for 10 min at
room temperature to cross-link chromatin. Samples were sonicated
with the Fisher sonic dismembrator 100 ﬂatmicrotip, using eight pulses
of 30 s at 6 W, leaving 90 s between pulses. Chromatin was sheared to
average size of 200–300 bp as determined by agarose gel electropho-
resis. Immunoprecipitation was performed with afﬁnity-puriﬁed Su
(Hw) andCP190 antibodies. ChIPwas analyzed byquantitative real time
PCR (QPCR) with SYBR green and primers amplifying Su(Hw) binding
sites (SBSs), named by the cytological position in the chromosome.
Primers are available upon request. These regions were selected based
on the ModENCODE dataset (Negre et al., 2010). The average size
of the ampliﬁed DNA samples was 100–200 bp, centered on the Su
(Hw) consensus-binding site. Percent input was calculated by
ChIP/input cycle threshold change ratios, using the formula
%input=2Ct(input)− Ct(IP)⁎1/DF⁎100, where DF is the dilution factor
between IP and input samples. All analyses were performed in
three biological replicates. Average values and standard deviation
were determined using Microsoft Excel. For QPCR analyses of ﬁve-
blob gene expression, ﬁfty ovary pairs were isolated from newly
eclosed Drosophila females and processed as described (Soshnev
et al., 2008), with the modiﬁcation that expression of Rpl32 was
used as an internal control. Primers are available upon request.
Results
The Su(Hw) insulator protein is required for oogenesis (Harrison
et al., 1993; Klug et al., 1968; Parkhurst et al., 1988). The ovary is
comprised of ﬁfteen to twenty ovarioles that contain an assembly line
of increasingly mature egg chambers (King, 1970; Spradling, 1993;
Verheyen and Cooley, 1994). Egg production begins at the anterior tip
of the ovariole in the germarium, which is divided into regions
depending upon the developmental state of the germ cells (Fig. 2A).
Region 1 contains mitotically active cells. Here, the germline stem
cells divide asymmetrically to give rise to daughter cystoblasts and
stem cells. Cystoblasts undergo four mitotic divisions with incomplete
cytokinesis to generate a sixteen-cell cyst. Differentiation of cells
within the cyst produces one oocyte and ﬁfteen nurse cells (NC).
Region 2 contains cysts with oocytes undergoing meiosis. Region 3
contains the ﬁrst egg chamber, which is formed by migration of a
monolayer of somatic follicle cells around the interconnected oocyte
and NCs. As egg chambers leave the germarium, NCs enter a variant
cell cycle, called the endocycle, in which multiple rounds of DNA
replication occur without intervening mitoses. In egg chambers
undergoing early endocycles, the replicated homologues pair to
form polytene chromosomes. During stages 4 to 6 of egg chamber
development, NC chromosomes undergo striking structural changes
(Figs. 2B, 3). At the end of stage 4, the polytene chromosomes
condense to generate NC nuclei with ﬁve DAPI stained “blobs” that
correspond to the ﬁve large euchromatic chromosome arms.
Progression from stage 5 to stage 6 is accompanied by NC
chromosome decondensation and dispersal (Dej and Spradling, 1999).
As a ﬁrst step in understanding the role of Su(Hw) in oogenesis, we
determined the temporal and spatial localization of Su(Hw) in the
developing ovary. Immunohistochemical analyses were completed
on ovaries dissected from wild type females using antibodies against
Su(Hw) and Spectrin, a germline cytoskeletal marker used to
discriminate distinct regions of the germarium (Lin et al., 1994). These
studies indicate that Su(Hw) is present in all somatic cells within the
germarium (Fig. 2), a conclusion supported by additional immunohis-
tochemical analyses using antibodies against Su(Hw) and Trafﬁc Jam
(TJ), a transcription factor present in somatic cells that contact germ
cells in the germarium (Li et al., 2003) (Supplemental Fig. 1).
AB
R2aR1 S2R2b R3/S1
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α-Su(Hw)
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Fig. 2. Su(Hw) localizes to somatic and post-mitotic NC nuclei in the ovary. A) Top: diagram of the germarium, marking regions 1 (R1), R2a, R2b, R3/egg chamber stage 1 (S1). The
ﬁrst egg chamber that emerges from the germarium is a stage 2 (S2) chamber. Germline stem cells (GSC) are located at the anterior end of the germarium. Egg chambers include
germ cells and somatic follicle cells. NCs within the stage 2 egg chamber are labeled. Bottom: a representative image of the germarium from a su(Hw)+/+ (Canton S) female stained
with anti-Spectrin (green) and anti-Su(Hw) (red) antibodies. Accumulation of Su(Hw) in R1/R2a is limited to somatic cells. Cells labeled in R1/R2a are somatic cells. B) Top: diagram
of an ovariole that contains the germarium (G) and developing egg chambers up to stage 6 (S6) of development. Below: shown is a representative image of an ovariole from su(Hw)+/+
(Canton S) stained with anti-Su(Hw) antibodies (red) and the DNA stain DAPI (blue). The germarium (G), egg chamber stages (S2 to S6) and oocyte (O) are indicated. Scale bars are
20 μm in length. C. Shown is a representative image of a wild type (Canton S) stage 9 oocyte nucleus (center) surrounded by follicle cells (right) that was stained with antibodies against
Su(Hw) (red), laminDm0 (green) and DAPI (blue).
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present at low levels in germline stem cells and absent in mitotically
active germ cells in region 2. As egg chambers are formed in region 3 of
the germarium, Su(Hw) accumulation increases, with protein localized
to NCs chromosomes (Fig. 2B), but excluded from the oocyte nucleus
(Fig. 2C). Su(Hw) remains associated with NC chromosomes to late
stages of oogenesis (Fig. 2B, data not shown). These ﬁndings
demonstrate that Su(Hw) accumulation in germ cells is limited to NC
nuclei.
The ovarian phenotype in su(Hw) null mutants
Previous phenotypic analysis was completed using two different su
(Hw) null backgrounds, su(Hw)2 and su(Hw)v (Harrison et al., 1993;
Kim et al., 1996; Klug et al., 1968). These studies found that su(Hw)mutant ovaries contained egg chambers that ﬁrst manifest a mutant
phenotype at stage 6, wherein the ﬁve-blob NC chromosome structure
was retained. These aberrant egg chambers were found to degenerate
around stage 8. One of these studies reported further defects that
included altered NC numbers in many egg chambers (Harrison et al.,
1993). To gain a better understanding of the su(Hw) mutant
ovarian phenotype, we dissected ovaries from females carrying ﬁve
null or near null su(Hw) heteroallelic mutant combinations,
including su(Hw)2/v, su(Hw)E8/v, su(Hw)E8/2, su(Hw)Pb/v, su(Hw)Pb/2
(Fig. 1). These females were all sterile, with ovaries displaying a
similar mutant phenotype (Fig. 3). As expected, differences in egg
chamber development between su(Hw) wild type and mutant back-
grounds occurred at stage 6, where NC chromosomes in su(Hw)mutants
failed to decondense and disperse. Our studies showed, however, that
these defectswere largely resolved by stage 7. Even so, all stage 8 to 9 egg
su(Hw)2/v
Stage 4 Stage 5 Stage 6 Stage 7
su(Hw)f/v
Stage 4 Stage 5 Stage 6 Stage 7
Stage 4 Stage 5 Stage 6 Stage 7
su(Hw)+/+
S5
S6
S8
O
S4
S6 S8
O
S4 NC
S6
S5
S8
S7 O
Fig. 3.Mutations in the su(Hw) block oogenesis and produce apoptotic egg chambers. Representative images of DAPI stained ovarioles from wild type (su(Hw)+/+), su(Hw)2/v
and su(Hw)f/v ovaries, oriented such that the germarium is at the left. Egg chamber stages (S4 to S8) and oocyte (O) are indicated. Magniﬁed below each ovariole are representative NC
nuclei from S4 to S7 egg chambers. Note that the late stage egg chamber in the su(Hw)2/v ovariole displays condensed DAPI foci, indicating apoptosis. Ovariole and nurse cell scale bars are
20 and 5 μm, respectively.
402 R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410chambers had DAPI bright nuclear foci and stained with antibodies
against activated caspase, indicating apoptosis of egg chambers (Fig. 3;
data not shown). Only one su(Hw) heteroallelic combination, su(Hw)Pb/2,
produced egg chambers with increased NC numbers (data not shown),
implying that these changes are not a common phenotype associated
with Su(Hw) loss. These data conﬁrm that Su(Hw) is required for the
proper executionof thedevelopmentally programmedstructural changes
of NC chromosomes, with loss of Su(Hw) resulting in activation of the
mid-oogenesis checkpoint (McCall, 2004; Nezis et al., 2000).Loss of Su(Hw) does not alter expression of genes required for NC
chromosome development
Several female sterile mutants have been identiﬁed that display
global defects in NC chromosome development similar to those found
in su(Hw)mutants (Buszczak and Spradling, 2006; Cramton and Laski,
1994; Hartl et al., 2008; Keyes and Spradling, 1997; King et al., 1981;
Klug et al., 1968; Lilly and Spradling, 1996; Reed and Orr-Weaver,
1997; Royzman et al., 2002; Volpe et al., 2001), which we refer to as
403R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410ﬁve-blob mutants. These genes encode proteins with diverse
regulatory functions, including structural chromosomal proteins
(SMC4, Cap-H2, Cap-D3, rhino, Rm62), cell cycle regulators (cycE,
morula, E2f), and germline growth and development (Hrb27C, sqd, otu,
cup, sop, pUF68). We examined whether any of the genes falling into
the ﬁve-blob class were mis-regulated in su(Hw) mutants. In these
experiments, RNAs were isolated from ovaries dissected from females
from a wild type and two su(Hw) null mutant genetic backgrounds.
Levels of RNA produced by each ﬁve-blob gene were determined
using quantitative real time PCR. We reasoned that if defects in
regulation of a ﬁve-blob gene were responsible for the su(Hw)mutant
phenotype, then RNA levels should decrease in both mutant
backgrounds, because the characterized alleles that caused ﬁve-blob
phenotypes were loss of function. These studies revealed that only
one gene changed expression greater than two-fold in both su(Hw)
null backgrounds, rhino (rhi, Fig. 4). However, expression of rhi
increased, not decreased. Taken together, these data suggest that
down regulation of known ﬁve-blob genes is not responsible for
altered NC chromosome development in su(Hw) mutants.Analysis of su(Hw)f/v ovaries reveals defects in NC chromosome
maturation
The su(Hw)f allele is exceptional, as this mutation reverses effects
of the gypsy insulator without causing female sterility (Harrison et al.,
1993). This allele encodes a full-length protein with a defective zinc
ﬁnger 10 that has reduced chromosome association (Kuhn-Parnell et
al., 2008). We expected that ovaries isolated from su(Hw)f females
would have a wild type phenotype because these females are fertile.
In contrast to this prediction, DAPI stained su(Hw)f/v ovaries showed
abnormal egg chamber development and NC chromosomes remained
in the ﬁve-blob state throughout oogenesis (Fig. 3). Similarly, the ﬁve-
blob state was also retained in ovaries dissected from su(Hw)f/2
females (data not shown). These data demonstrate that global
changes in NC nuclear architecture are not responsible for sterility
of su(Hw) mutant females.
Immunohistochemical analyses showed that Su(Hw)f accumulates
in spaces between the condensed NC chromosomes (Fig. 5A). Su(Hw)f
forms bright staining foci. We ﬁnd that these foci largely co-stain with
antibodies against Mod67.2, with more limited association withSM
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 relative to
  su(Hw)+/+ 1.5
2.0
2.5
3.0
chromosome structur
Fig. 4. Loss of Su(Hw) does not alter expression of ﬁve-blob genes in the ovary. Levels of e
genes, were determined using quantitative real time PCR. The fold change in expression of w
su(Hw)2/v (red) and su(Hw)Pb/2 (black). The functional class of the ﬁve-blob gene is noted.
(black) or decrease (grey) in RNA levels.CP190 (Supplemental Fig. 2). These ﬁndings suggest that Su(Hw)f foci
may be similar to insulator bodies (Bushey et al., 2008).
We studied the nuclear localization of Su(Hw)E8 in the ovary, to
determine whether foci commonly form when chromosome associ-
ation of Su(Hw) is compromised. Su(Hw)E8 carries a defective zinc
ﬁnger 7 and does not bind DNA in vitro or in vivo (Harrison et al., 1993;
Kuhn-Parnell et al., 2008). Immunohistochemical analyses of dissected
su(Hw)E8/v ovaries showed that Su(Hw)E8 had a diffuse nuclear
distribution and formed many Su(Hw) foci that contained Mod67.2
and CP190 (Fig. 5A, Supplemental Fig. 2), implying that foci formation
is a consequence of lost chromosome association. To determine
whether these mutant Su(Hw) proteins form foci in somatic tissues,
we examined the nuclear distribution of the Su(Hw), Mod67.2
and CP190 in whole mount salivary glands isolated from su(Hw)f/v
and su(Hw)E8/v larvae. Confocal imaging demonstrated the presence
of nuclear foci containing all three proteins, again with more foci
present in salivary glands containing Su(Hw)E8 (Supplemental Fig. 2).
Taken together, these data correlate formation of Su(Hw) foci with
altered association of Su(Hw) to chromosomes, supporting proposals
that insulator bodies are composed of protein, and do not contain DNA
(Golovnin et al., 2008).
Retention of the ﬁve-blob chromosome state does not affect rRNA
production
We were surprised that NC chromosomes maintained the ﬁve-blob
state throughout oogenesis in su(Hw)f/v ovaries (Fig. 3). Previous
studies suggested that retention of the ﬁve-blob chromosome state
caused defects in ribosome biogenesis that diminished oocyte growth
and activated the mid-oogenesis checkpoint (Klug et al., 1970). We
examined the structure of the nucleolus in su(Hw)f/v ovaries through
immunohistochemical analyses of ﬁbrillarin, a nucleolar protein
required for pre-rRNA processing (Tollervey et al., 1993; Wu et al.,
1998). Inwild type stage 5 NC nuclei, ﬁbrillarin is restricted to the space
between the condensed chromosomes, while in stage 6 nuclei a
reticular network is formed between the dispersed chromosomes
(Fig. 5B; Klug et al., 1970). In su(Hw)f/v ovaries, ﬁbrillarin staining
remained compact throughout oogenesis (Fig. 5B). To address whether
these defects in nucleolar structure affected ribosome biogenesis, we
conducted several studies. First, we determined whether intermediates
in pre-RNA processing accumulated in su(Hw)f/v mutants, as reductioncyc
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(Ross et al., 2007). Total RNAwas isolated fromwild type and su(Hw)f/v
ovaries and northern analysis was undertaken, using radiolabeled
oligonucleotide probes that speciﬁcally recognized pre-rRNA pro-
cessing intermediates (Giordano et al., 1999; Long and Dawid,
1980). These studies showed that levels of pre-rRNA intermediates
in su(Hw)f/v RNA were indistinguishable from those found in wild
type RNA (Supplemental Fig. 3). Second, we quantiﬁed the level of
apoptosis in su(Hw)f/v ovaries and found that only ~13% of all
ovarioles had mid-stage apoptosis. This percentage of apoptosis is
greatly reduced relative to su(Hw)2/v females (100%), but increased
relative to wild type females (1.5%, Table 1). Third, we measured the
length of eggs produced by wild type and su(Hw)f/v females to
evaluate oocyte growth. These studies showed that egg sizes in bothTable 1
Characterization of su(Hw), mod(mdg4), and Cp190 mutant phenotypes.
Genotype % Apoptosis
(# ovarioles)
Eggs
(# fe
su(Hw)+/+ (Canton S) 1.5 (63) 74.0
y2w ct6f1; su(Hw)2/v 100 (50) NAa
y2w ct6f1; su(Hw)f/v 13.1 (145) 83.2
y2v ct6; mod(mdg4)u1/u1 7.7 (91) 71.0
Cp190H4-1/Cp190P11 6.0 (83) 74.8
Cp190H4-1/Cp1901 4.7 (85) 7.6 (
Cp190H4-1/Cp190H4-1 100 (35) NAa
Cp190H4-1, mod(mdg4)u1(cR145/R93) 3.3 (92) 63.0
Cp190H4-1, mod(mdg4)u1(cR165/R93) 3.0 (100) 69.1
Cp190H4-1, mod(mdg4)u1(cR195/R93) 3.5 (86) 71.9
a NA=not applicable: these genetic backgrounds either fail to produce eggs or produce
b ND=not determined.
c R=recombinant chromosome.groups were the same, with each producing similar numbers of
offspring (Table 1). Taken together, these observations suggest that
defects in nucleolar structure in su(Hw)f/v ovaries do not strongly
affect ribosome biogenesis or oocyte production, implying that the
absence of structural reorganization of NC chromosomes is not
responsible for sterility of su(Hw) mutant females.
Su(Hw)f binds many SBSs in the ovary
Binding of Su(Hw)f to NC chromosomes is decreased (Fig. 5). To
determine the extent of this altered chromosome association, we
carried out chromatin immunoprecipitation (ChIP). Chromatin was
isolated from ovaries dissected from females less than 6 h old, because
ovaries in newly eclosed females contain egg chambers younger than/day/female
males tested)
Embryo length
(# measured)
Progeny/day/female
(total # progeny)
(240) 0.5 mm (50) 16.9 (1354)
NAa NAa
(240) 0.5 mm (50) 12.9 (1032)
(240) 0.5 mm (50) 12.9 (1028)
(69) 0.5 mm (50) NDb
63) 0.5 mm (8) NDb
NAa NAa
(38) 0.5 mm (50) NAa
(37) 0.5 mm (50) NAa
(37) 0.5 mm (50) NAa
eggs but embryos do not hatch.
405R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410stage 6. As such, these ovaries contain a nearly equal contribution of
chromatin from germ cells and somatic cells. We studied the gypsy
insulator and fourteen non-gypsy Su(Hw) binding sites (SBSs) that
each contained at least one gypsy insulator-like consensus sequence
(Adryan et al., 2007). These SBSs were chosen as strongly enriched Su
(Hw) binding regions in genome-wide studies in somatic cells. We
predicted that each SBS would bind Su(Hw) in the ovary, because
studies to date indicate that Su(Hw) binding has limited tissue
speciﬁcity (Adryan et al., 2007; Bushey et al., 2009; Negre et al.,
2010; Parnell et al., 2006). The fourteen SBSs fell into four classes,percent 
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ChIP studies demonstrated that gypsy and all SBSs bound Su(Hw)
(Fig. 6A). Parallel experiments were completed using chromatin
isolated from newly eclosed su(Hw)f/v ovaries. Real time quantitative
PCR analysis demonstrated that Su(Hw)f bound twelve of the
fourteen tested regions, with loss of binding to the gypsy insulatorA-2 82
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406 R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410and 1A-2. Of the twelve bound SBSs, eight were enriched to a
similar degree as in wild type ovaries, while four (44D, 46A, 56B,
70A) showed binding that was reduced but still greater than the
negative controls (yar, GAPDH2). These data indicate that Su(Hw)f
associates with a majority of SBSs, but with reduced occupancy.
The class of Su(Hw) only SBSs had the lowest retention, suggesting
that the presence of other insulator proteins facilitates association of
Su(Hw)f to chromosomes. Yet, this relationship was not absolute, as
1A-2 failed to bind Su(Hw)f, even though other insulator proteins
bind this region. These data suggest that multiple factors contribute to
Su(Hw)f binding.
Mod67.2 and CP190 have distinct properties from Su(Hw) in the ovary
The expression patterns of Mod67.2 and CP190 were determined
to investigate connections between the Su(Hw) ovary and insulator
functions. Ovaries were dissected from wild type females, stained
with DAPI and incubated with antibodies against each protein. As a
control, ovaries were stained with antibodies against Stand still (Stil),
a germline transcription factor that is associated with NC chromo-
somes throughout oogenesis (Sahut-Barnola and Pauli, 1999). These
studies reveal that in the germarium, Mod67.2 and CP190 show the
same accumulation pattern, which largely coincides with Su(Hw).We
ﬁnd that Mod67.2 and CP190 accumulate in all somatic and germ cells
in the germarium (Fig. 7A), including the mitotically active germ cells
that lack Su(Hw) (Fig. 2A, Supplemental Fig. 1). Once egg chambers
are formed, Mod67.2 and CP190 localize to NC chromosomes. ThisB
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Stage 5 Stage 6
R2aR1 S2R2b R3/S1
Merge Merge
C
α-Mod67.2
α-Mod67.2
α-CP190
α-Spectrin
α-Mod67.2
α-CP190
α-Stil
α
α-S
M
Stage 9
su(Hw) +/+
su(Hw)+/+
DAPI
A
Fig. 7.Mod67.2 and CP190 display both Su(Hw)-dependent and -independent localization. A
anti-Spectrin (green) and anti-Mod67.2 (red) or anti-CP190 (red) antibodies. Note Mod67.2
nuclei representing stages 5 to 6 egg chambers from su(Hw)+/+ (Canton S) and su(Hw)2/v
control) (green) and DAPI (red). Merged images are shown to display colocalization of each
nucleus (Canton S) is shown. This nucleus was stained with antibodies against CP190 (red
staining on the right.association is maintained until stage 6, at which time Mod67.2 and
CP190 levels on NC are reduced, even though Su(Hw) levels are
unchanged (compare Mod67.2 and CP190 staining to Stil, Fig. 7B).
These studies reveal that the major gypsy insulator proteins
extensively co-localize during the period when Su(Hw) mutant
phenotypes are ﬁrst observed.
Germline accumulation of Mod67.2 and CP190 is not limited to NC
nuclei. In fact, localization to the oocyte nucleus occurs in the
germarium and is maintained throughout oogenesis (Fig. 7). Before
stage 6 of egg chamber development, Mod67.2 and CP190 distribution
is mostly uniformwithin the oocyte nucleus. At stage 6, these proteins
begin to co-localize in foci, a distribution that is maintained
throughout oogenesis (Fig. 7C). Interestingly, this reorganization of
Mod67.2 and CP190 coincides with loss of the synaptonemal complex,
suggesting that these changes are linked to differences in oocyte
chromosome structure. Further studies are needed to understand the
signiﬁcance of the changes in Mod67.2 and CP190 distribution. That
Mod67.2 and CP190 but not Su(Hw) localize to the oocyte nucleus
indicates that gypsy insulator proteins have distinct properties in
germ cells.
Three studies were conducted to investigate whether the three
gypsy insulator proteins bound to overlapping chromosomal regions.
First, the genome-wide distribution of Su(Hw), Mod67.2 and CP190
was examined using the giant NC chromosomes in the ovarian tumor
(otu11) mutant (Koryakov et al., 2004). Incubation of otu11 ovaries
with antibodies against these three proteins showed extensive
colocalization on euchromatic chromosome arms (SupplementalDAPI DAPI
Stage 5 Stage 6
R2aR1 S2R2b R3/S1
Merge Merge
-CP190
pectrin
erge
su(Hw)2/v
) Representative images of germaria from su(Hw)+/+ (Canton S) females stained with
and CP190 staining in R1 and R2a, regions that lack Su(Hw). Scale bars are 20 μm. B) NC
ovaries. Nuclei were stained with antibodies against Mod67.2, CP190 or Stil (positive
signal. Scale bars are 5 μm. C). A representative image of a wild type stage 8/9 oocyte
), Mod67.2 (green) and DAPI (white), with the merged image of CP190 and Mod67.2
407R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410Fig. 4). Second, we determined whether localization of Mod67.2 and
CP190 depended on Su(Hw). Ovaries were dissected from su(Hw)2/v
females and incubated with antibodies against Mod67.2 and CP190.
These experiments showed that in the absence of Su(Hw), increased
levels of Mod67.2 and CP190 were present in the inter-chromosomal
spaces (Fig. 7B). Even so, both proteins show overlap with DAPI
staining, suggesting that both retain some chromosome association.
Retention of CP190 was expected because this protein interacts with
other DNA binding proteins, such as BEAF and dCTCF (Bartkuhn et
al., 2009; Bushey et al., 2009). Retention of Mod67.2 is consistent
with genome-wide studies that demonstrate that Mod67.2 associ-
ation does not always overlap with SBSs (Negre et al., 2010). Third, we
used ChIP to determine whether CP190 binding depended on Su(Hw).
In these studies, CP190 antibodies were incubated with chromatin
isolated from newly eclosed ovaries dissected from wild type and su
(Hw) mutant females. CP190 enrichment at the fourteen SBSs was
tested. Of these sites, eleven were expected to bind CP190, from
studies completed in somatic cells (Negre et al., 2010). Quantitative
real time PCR analyses demonstrated that ten of these SBSs had
signiﬁcant CP190 association in a wild type su(Hw) background; the
exceptional site being 1A-2 (Fig. 6B). Of the ten ovary-bound CP190
SBSs, six lost CP190 binding in the su(Hw)2/v null background.
Interestingly, the three SBSs that retained CP190 binding in the
absence of Su(Hw) bind dCTCF in the soma (Negre et al., 2010),
consistent with the prediction that dCTCF also recruits CP190 (Bushey
et al., 2009; Mohan et al., 2007). Further, we determined whether
CP190 bound the ten SBSs in chromatin obtained from su(Hw)f/v
chromatin. Reduced CP190 occupancy was observed at these sites,
possibly because Su(Hw)f occupancy is lower (Figs. 5, 6a). These data
indicate that Su(Hw) recruits CP190 to many genomic sites in the
ovary and that mutation of zinc ﬁnger 10 does not disrupt this
function.
The extensive co-localization of Su(Hw) with other gypsy
insulator proteins on NC chromosomes suggests that the ovary
function of Su(Hw)might be related to gypsy insulator function. To test
this possibility, we examined the phenotypes associated with ovariesmod(mdg4)u1/u1
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Fig. 8.Mutations in themod(mdg4) and Cp190 genes have minor effects on oogenesis. Image
females carrying three different heteroallelic combinations. Genotypes of the females are in
Ovariole and nurse cell scale bars are 20 and 5 μm in length, respectively.dissected frommod(mdg4) and Cp190mutants. Themod(mdg4)mutant
phenotypewas studied in ovaries dissected frommod(mdg4)u1 females,
because this mutation causes complete loss of the insulator speciﬁc
Mod67.2 isoform (Gause et al., 2001; Georgiev and Gerasimova, 1989).
Multiple nearly null mutant backgrounds were studied that included
the Cp190H4-1 allele. The Cp190H4-1 allele encodes a truncated protein
that retains enough CP190 function to permit development of adults,
although these adults are unhealthy and die within a few days of
eclosion (Butcher et al., 2004; Pai et al., 2004).
Previous studies have shown thatmod(mdg4)u1 females are fertile
(Gerasimova et al., 1995). Even so, it was unclear whether aspects of
the su(Hw) mutant phenotype were present, such as a failure to
decondense and disperse nurse cell chromosomes. Ovaries were
dissected from one to two-day-old mod(mdg4)u1 females, stained
with DAPI and imaged by confocal microscopy. These studies showed
normal oogenesis, including an appropriate timing of structural
changes in NC chromosomes (Fig. 8). Further, we quantiﬁed levels
of apoptosis inmod(mdg4)u1 ovaries, as well as fertility and fecundity
of the mutant females. These studies revealed that loss of Mod67.2
slightly increased egg chamber apoptosis relative to the wild type
controls (7.7% relative to 1.5%, Table 1), with no effect on the other
parameters.
We studied effects of CP190 on oogenesis in Cp190H4-1, Cp190H4-1/1,
Cp190H4-1/P11 females. We found that the ovary phenotype depended
upon genetic background tested (Fig. 8, data not shown). Ovaries
dissected from homozygous Cp190H4-1 females were defective in NC
chromosome structure and egg chamber development, with all egg
chambers showing apoptosis (Table 1). In addition,many egg chambers
showed aberrant NC numbers, with both increased and decreased
numbers of NCs found. However, ovaries dissected from heteroallelic
Cp190 mutant backgrounds (Cp190H4-1/P11 and Cp190H4-1/1) had
ovarioles with normal egg chamber progression, with only a slight
elevation in the level of apoptosis (Fig. 8, Table 1). In fact, Cp190H4-1/P11
females produced near wild type numbers of eggs. Based on these data,
we conclude that the severe phenotype observed in Cp190H4-1
homozygotes may result from effects of a second site mutation thatCp190H4-1/H4-1
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s of DAPI stained ovarioles isolated frommod(mdg4)mutant females and Cp190mutant
dicated on the left. For each genotype, an ovariole and magniﬁed NC nuclei are shown.
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studies of mod(mdg4), Cp190 double mutants (see below). That near
complete loss of functional CP190 in Cp190H4-1/1 and Cp190H4-1/P11
females permits near wild type oogenesis suggests that this protein is
not essential for oogenesis.
Given the extensive partnership between these insulator proteins
and Su(Hw), we were surprised that only minor defects occurred
when Mod67.2 and CP190 are compromised. We considered that the
apparent lack of requirement for these proteins might reﬂect
redundant roles in oogenesis. Both proteins contain an N-terminal
BTB domain that may support recruitment of a common protein
partner to a SBS, such that loss of one protein would not interfere with
partner association. To address redundant functions, we isolated four
recombinant chromosomes carrying the Cp190H4-1 and mod(mdg4)u1
alleles and studied ovary phenotypes in females carrying heterozy-
gous combinations of different recombinants (Table 1). Again,
oogenesis proceeded normally in ovaries both lacking Mod67.2 and
containing greatly reduced CP190 function (Fig. 8, Table 1). In fact, in
all cases, levels of apoptosis were only slightly elevated relative to the
wild type control (~3.3% versus ~1.5%). These data imply that
Mod67.2 and CP190 do not play redundant roles in oogenesis,
indicating that neither protein is essential in these processes.
Discussion
Su(Hw) is essential for oogenesis, but little is known about the
function of this protein in the ovary. Here, we completed the ﬁrst
detailed molecular analysis of properties of Su(Hw). We found that
during oogenesis somatic cells uniformly express Su(Hw) (Fig. 2;
Supplemental Fig. 1). In contrast, germ cell accumulation is tempo-
rally and spatially regulated. Robust accumulation of Su(Hw) begins
upon formation of egg chambers, where Su(Hw) localization is
restricted to NC nuclei and is absent from the oocyte nucleus, a
distribution that is maintained throughout oogenesis. Other nuclear
factors do not show dynamic expression in the germarium (Fig. 7, see
below), suggesting that regulated accumulation of Su(Hw) may be
important for its role in oogenesis.
The global defects in NC chromosome structure are not responsible for
su(Hw) sterility
Phenotypic defects caused by loss of Su(Hw) were investigated
through studies of ovaries obtained from females carrying different
heteroallelic combinations of su(Hw) mutant alleles. These investi-
gations demonstrate that NC chromosome development is delayed
(Fig. 3), but not blocked as previously reported (Klug et al., 1968).
Structural defects in NC chromosomes appear to be independent of
known genes involved in NC chromosome development, because
transcription of these genes was largely maintained in su(Hw) null
backgrounds (Fig. 4). Finally, our studies addressed the long-standing
hypothesis that the sterility in su(Hw) mutant females is caused by
retention of the ﬁve-blob chromosome state that affects ribosome
biogenesis, oocyte growth, and activates apoptosis (Klug et al., 1970).
We demonstrate that rRNA processing occurs normally in su(Hw)
mutants (Supplemental Fig. 3), suggesting that ribosome biogenesis is
not impaired. Further, we discovered that NC chromosomes never
disperse in ovaries obtained from fertile su(Hw)f/v females, even
though oocyte growth, rRNA processing and fecundity are wild type
(Fig. 3, Table 1). These observations establish that decondensation and
dispersal of NC chromosomes is not the cause of sterility in su(Hw)
mutants.
The uncoupling of the NC structural defects and Su(Hw) dependent
fertility raises the question of which cells require Su(Hw) function for
completion of oogenesis. At present, we do not know whether the
essential function resides in NCs or the surrounding follicle cells, as
these latter cells provide signals to the germline needed for eggchamber development. Additional investigations are required to
resolve this issue.
Functional requirements for the insulator and fertility functions of Su(Hw)
are different
Mod67.2 and CP190 are BTB-domain proteins that are required for
enhancer blocking by the gypsy insulator (Georgiev and Gerasimova,
1989; Gerasimova et al., 1995; Gerasimova et al., 2007; Pai et al.,
2004). We investigated the role of these proteins in oogenesis, to gain
insights into the connections between the insulator and fertility
functions of Su(Hw). We found that during oogenesis Mod67.2 and
CP190 show parallel accumulation, with these BTB-domain proteins
found in all somatic and germ cells, including cells that lack Su(Hw)
such as the oocyte nucleus. In early egg chambers, Mod67.2 and CP190
extensively co-localize with Su(Hw) (Figs. 5, 7), while older egg
chambers display diminished levels. NC chromosome association of
Mod67.2 and CP190 is largely dependent on Su(Hw), although both
proteins retain NC chromosome binding in su(Hw) mutants. Our
ﬁndings are consistent with genome-wide studies of protein binding
in somatic cells that show that chromosome association of Mod67.2
and CP190 does not always overlap with SBSs (Negre et al., 2010).
Extensive co-localization of Su(Hw), Mod67.2 and CP190 is
present in stages of oogenesis where the su(Hw) mutant phenotype
becomes evident. Even so, null or nearly null mod(mdg4) and Cp190
single and doublemutant females lay eggs of normal size (Table 1). No
evidencewas observed for defects in NC chromosome development or
increased apoptosis (Table 1), implying that Mod67.2 and CP190 are
not required for oogenesis. These observations imply that the fertility
and insulator functions of Su(Hw) are different. Such ﬁndings may be
explained if lower levels of BTB domain proteins are needed for
oogenesis than are needed to establish an insulator. We note that
while we used a mod(mdg4) allele that fails to produce any of the
Mod67.2 isoform, the Cp190 heteroallelic combinations studied were
hypomorphic, because null alleles are pharate lethal. As such, Cp190
mutant ovaries may have enough CP190 activity to support Su(Hw)
functions. However, CP190 null embryos have been generated from
germline clones, implying that oogenesis is not blocked when CP190
is absent from germ cells (Chodagam et al., 2005). These data, coupled
with our studies, indicate that Mod67.2 and CP190 are not essential
for oogenesis. We predict that Su(Hw) has Mod67.2 and CP190
independent functions. Support for this postulate comes from
genome-wide studies that demonstrate that ~50% of SBSs do not
bind Mod67.2 or CP190 (Negre et al., 2010).
The function of Su(Hw) in oogenesis
The different requirements for Su(Hw) in insulation and fertility
raise the question of whether the essential role of Su(Hw) in oogenesis
involves formation of chromatin insulators. We predict that if insulator
function is involved, then novel interaction partners may be required
for Su(Hw) to demarcate chromatin domains. Alternatively, Su(Hw)
function may extend beyond that of an insulator protein, a possibility
that is supported by recent genomewide studies of SBSs (Adryan et al.,
2007; Golovnin et al., 2003; Parnell et al., 2003; Parnell et al., 2006;
Ramos et al., 2006). The vastmajority of non-gypsy SBSs contain a single
motif, in contrast to the twelve Su(Hw) binding motifs found in the
gypsy insulator. This observation is striking considering that enhancer
blocking by the gypsy insulator requires at least four tightly spaced SBSs
(Hagstrom et al., 1996; Scott et al., 1999; Spana and Corces, 1990).
Direct tests of the insulator activity of individual SBSs in transgene
assays have shown that ~40% block enhancer action (Golovnin et al.,
2003; Negre et al., 2010; Negre et al., 2011; Parnell et al., 2003; Parnell
et al., 2006; Ramos et al., 2006), suggesting that not all SBSs are
insulators. If the formation of chromatin insulators by Su(Hw) is not
required for fertility, then how does this protein contribute to nuclear
409R.M. Baxley et al. / Developmental Biology 356 (2011) 398–410functions during oogenesis? It is possible that Su(Hw) has the
capacity to directly modulate transcription of target genes. For
example, studies of the function of one SBS revealed that this SBS
was required for activation of transcription of the adjacent gene
(Soshnev et al., 2008). Further, a repressor activity is suggested by
genome-wide studies that correlate Su(Hw) localization with
repressive chromatin and gene silencing (Filion et al., 2010; Roy
et al., 2010). Interestingly, diverse regulatory functions have been
documented for the major vertebrate insulator protein, CCCTC
binding factor (CTCF). While CTCF is best known as an insulator
protein (Ohlsson et al., 2010; Phillips and Corces, 2009; Zlatanova
and Caiafa, 2009), early studies of CTCF documented direct
involvement in transcriptional activation and repression (Burcin
et al., 1997; Lobanenkov et al., 1990). More recent genetic studies in
transgenic mice provide additional support for direct regulation of
gene expression (Heath et al., 2008; Ribeiro de Almeida et al., 2009;
Soshnikova et al., 2010; Wan et al., 2008). These observations
suggest that Su(Hw) may be similar to CTCF, functioning as a multi-
faceted transcriptional regulator.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.05.666.
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